INTRODUCTION
The CHAMP and GRACE missions have demonstrated the tremendous potential for observing mass changes in the Earth system from space (Reigber et al., 1999; Reigber, et al. 2003; Tapley et al., 2004a; Tapley et al., 2004b) . The processing of space-borne gravimetric observations, such as low-low (ll) and high-low (hl) satelliteto-satellite tracking (SST) plus accelerometer observations, has reached a point where the major limitation of the accuracy of resolved temporal gravity field models is no longer caused by sensor errors (e.g. observation noise), but by errors in the modelling of mass changes due to the atmosphere, ocean currents and ocean tides. Errors in ocean tide models are considered as one of the major sources of error in the determination of temporal gravity field models from GRACE data (Knudsen and Andersen, 2002; Seo et al., 2008a) . Moreover, the problem is exacerbated by the continuously changing ground track for GRACE, which leads to an inhomogeneous sampling in time and space of gravity field changes. The inhomogeneous sampling results in an extremely complicated pattern of gravity changes due to aliased ocean tides signals. The ocean tides aliasing problem is addressed in more detail in Section 2. Many post-processing data reduction methods have been documented for mitigating the effect of errors in the so-called dealiasing products. Common approaches for this are smoothing with a Gaussian filter (Wahr et al., 2004; Tapley et al., 2004b ) and a correlated error filter for de-striping . However, it was found that the impact of such filters is limited, and also that as a negative side effect the gravity field changes one wants to observe are smoothed.
This paper describes a number of possible methods for mitigating the problem of tidal aliasing. It has been investigated if this problem can be reduced in the data processing stage by filtering and spatial smoothing techniques (Section 3.1 and 3.2), and at the mission design stage, by choosing appropriate orbit parameters F o r P e e r R e v i e w and satellite constellations (Section 3.3) . The methods have been tested by simulation, for which we developed a model of "realearth" time-varying mass distributions (Section 4.1 of this paper, cf. (Dam et al., 2008) ). With this model, synthetic gravity field retrievals were generated using several different satellite constellations of GRACE-type satellite tandems (Section 4). This closedloop simulation system allows the rigorous simulation of satellite orbits in the presence of detailed force models (including gravity field changes due to ocean currents and tides, atmosphere, hydrology and ice), low-low satellite-to-satellite tracking (ll-SST) observations and gravity field retrieval (Dam et al., 2008) . In addition, the impact of ocean tide model errors and observation noise was investigated. The simulations for each constellation were run for a period of a full year. We then attempted to extract the gravity field changes due to hydrology from the synthetic gravity field retrievals using different methods for reducing aliasing effects. The accuracy of the retrievals was assessed globally and for two selected regions, one close to the equator (Amazon) and one close to the poles (Greenland) (Section 5). Finally, results are summarized and conclusions are drawn (Section 6).
THE OCEAN TIDES ALIASING PROBLEM
Investigations based on real GRACE data demonstrate that the aliasing errors introduced by inexact models, which are used for the reduction of time variable mass signals with high frequency content, e.g. due to ocean tides, atmosphere variations and ocean currents, lead to severe distortions in the monthly gravity solutions, see for example (Ray and Luthcke, 2006; Seo et al., 2008a; Seo et al., 2008b; Han et al., 2004; Moore and King, 2008) . Analyses have indicated that ocean tide modeling errors are currently the dominant error source, cf. Figure 4 -1 in (Rummel and Koop,2008) . These analyses also indicated that for example errors in the modeling of atmospheric gravity changes have a much smaller effect.
Although Ray and Luthcke (2006) and Seo et al. (2008a) illustrate that the ocean tide aliasing errors seem to be smaller than the calibrated GRACE gravity field errors , they are larger than the pre-launch estimate of the gravity field recovery error based on the GRACE instrument error. For a future mission, it is expected that instrumentation will be even more sophisticated, e.g. inter-satellite tracking by high-precision lasers which might improve the range-rate measurement precision by a factor of 100 (Bender et al., 2003; Nerem et al., 2006) . In this case, the limiting factor in extracting a gravity change will most certainly not be the instrument sensitivity, but instead the aliasing of the ocean tide modeling errors. Realization of this fact means that methods for the reduction or removal of the aliasing problems have to be advanced if a significant gain in the determination of the time variable geopotential is to be made by a future satellite mission. The impact of sensor noise will be addressed as well in this paper (Section 5.1.1).
In our investigations of ocean tide aliasing, only repeat orbits will be considered. The motivation for this is to keep the aliasing effects due to time-variable ground tracks as low as possible. Furthermore, the sampling of time variable effects, especially of periodic phenomena, such as the ocean tides, is more systematic. Parke (1987) specified the aliasing periods of ocean tides for satellite altimetry (eq. A.2, Appendix A), where point-wise in-situ observations of the sea surface are available. These formulas can also be incorporated for analyzing how ocean tides alias into temporally varying gravity field solutions (Section 3.1). We note that such an analysis can also be done for a mission like GRACE, which does not fly in a repeat orbit, as documented in e.g. (Ray and Luthcke, 2006; Han et al., 2004; Seo et al., 2008a; Seo et al., 2008b; Ray and Luthcke, 2006) . It has to be noted that repeat orbits can be maintained at very low altitudes with state-of-the-art orbit control systems without loss of observations, as is proven by the GOCE mission (Drinkwater et al.,2007) .
The spatio-temporal aliasing of ocean tides is much more complicated and complex than simply considering the temporal aliasing frequencies. A very important issue when considering the aliasing in temporal gravity solutions (e.g. monthly GRACE solutions), is also how the phase of the ocean tide constituents are observed by GRACE at different locations along the ground track. Knudsen (2003) showed that different tidal constituents (M2, S2, K1, O1) display different patterns in terms of phase along the GRACE ground track. Seo et al. (2008a) proved that temporal aliasing also leads to spatial distortions. Another effect described in Han et al. (2004) and Seo et al. (2008a; 2008b) are distortions due to integer multiples of the orbital near-resonance order 15 and corresponding degrees of the same parity, which can be explained by Kaula's orbit resonance formulas (Kaula, 1966) . These resonance related distortions contribute to the striping pattern in the GRACE gravity field solutions and are mainly visible for tides with aliasing frequencies smaller than the GRACE solution interval (nominally 30 days).
The aliasing effects discussed above occur predominantly at the predicted aliasing frequencies, although some variability might be anticipated due to the non-repeat orbit of GRACE. These spatial distortions show that aliasing effects of ocean tides are not restricted to the oceans. Mass change estimates over land are affected also (in addition to the spatial leakage that can be attributed to the use of spherical harmonics as basis functions, Appendix B) due to the integrated nature of the ll-SST observations, thus affecting e.g. estimates of gravity changes due to hydrology and ice.
For this study, use has been made of the TPXO6.2 (Egbert and Erofeeva, 2002) and FES2004 (Lyard et al., 2006 ) tide models, which display relatively large differences in the Arctic region (Fig. 1 ). Such differences typically result in ll-SST observation residuals that are not confined to the Arctic areas, but are spread out over the entire world (see also Section 5).
It might be argued that aliasing effects of tides with aliasing frequencies less than the time-interval between consecutive gravity field solutions (nominally 30 days for GRACE) might be averaged to some extent. As GRACE data analysis has shown, this is partially correct. However, the remaining gravity field recovery errors due to aliasing are still large (Han et al., 2004; Seo et al., 2008a; Seo et al., 2008b) .
REDUCING THE OCEAN TIDAL ALIASING IN SPACE-BORNE GRAVIMETRY
With perfect models for ocean tides, the temporal aliasing problem in space-borne gravimetry would be significantly reduced. However, tidal models are not perfect and their improvement is the subject of significant ongoing research (Savcenko and Bosch, 2008) . With every improvement in our tidal models, it is expected that the tidal aliasing effects will be reduced. Unfortunately, practical considerations require other solutions. Given the availability of already decades of high-precision satellite radar altimeter observations, it will be a major challenge to improve tidal models in the near future to such an extent that the associated gravity field recovery error level is below the recovery error based on the anticipated observation precision for future ll-SST ranging systems (see Section 5.1.1).
For new mission designs, the possibility of enhancing and improving data reduction techniques should be taken into account. For example, ocean tides cause perturbations with aliased periods, which can be predicted accurately for repeat orbits. It will be investigated if it is possible to eliminate ocean tide spectral lines from the time series of gravity field spherical harmonic (SH) coefficients (Section 3.1). In addition, it will be attempted to reduce the effect of tidal aliasing by spatial smoothing (Section 3.2). For new mission designs, there is also the obvious trade-off that missions with short repeat periods reduce temporal aliasing at the expense of spatial resolution, and missions with good spatial coverage reduce spatial aliasing at the cost of temporal resolution. To reduce both types of aliasing, more satellites are required. We explore this option in Section 3.3.
Temporal filtering of series of gravity solutions
Ocean tide model errors can have a significant impact on the observation of gravity changes due to hydrology as observed by gravimetric satellites. For such satellites that fly in repeat orbits, it can be anticipated that tide model errors alias at particular frequencies, just as occurs in the observation of sea level by altimeters (Schlax and Chelton, 1994; Parke, 1987) . Therefore, it is interesting to investigate if the retrieved gravity field models (spherical harmonic coefficients) can be corrected by estimating the amplitudes for those periods and then reduced afterward. An approach has been implemented where the gravity field retrieval error due to ocean tide model errors is represented by sinusoidal signals with unknown amplitudes. The time series of gravity field coefficients are then represented as:
where,C lm (t),S lm (t) are the retrieved spherical harmonic coefficients (one set for each retrieval period, e.g. 30 days for GRACE), t is the time in the middle of the retrieval period, and A k,lm , B k,lm (k = c, s) represent the amplitudes for the number of n tide selected aliasing periods Tot. The coefficients A k,lm , B k,lm (k = c, s) are estimated by a least-squares fit and subtracted from the original time series of gravity field coefficients. This procedure carries the risk of absorbing part of the signal of interest (e.g. mass changes due to continental hydrology), especially when the ocean tide aliasing periods Tot coincide or are close to dominant periods in the signal of interest. Also, if the mission duration or time span of observations is shorter than the ocean tide aliasing periods, the separation of gravity changes due to ocean tides from other gravity changes will be hampered.
Spatial smoothing
In the analysis of time series of GRACE gravity solutions, smoothing with a Gaussian filter can be applied to reduce the effect of distortions or stripes (Wahr et al., 2004; Tapley et al., 2004b) . In this paper, a comparable but different straightforward approach is adopted, namely spatial smoothing by applying spherical cap averaging operators to the retrieved spherical harmonic gravity field coefficients. Use will be made of the Meissl or Pellinen smoothing operators (Meissl, 1971; Pellinen, 1966) . These operators (β l,ψ ) are both a function of the spherical harmonic degree l and the resolution ψ (spherical cap radius in degrees ( • )) and are isotropic:
whereP l represents the normalized Legendre polynomial of degree l. Any smoothing will not only reduce artefacts, but will also damp the gravity field changes one wants to observe. It has to be noted that it is not claimed that the selected approach for spatial smoothing is optimal. The adopted approach serves however the purpose of showing the possibilities and effects of spatial smoothing. For GRACE, it has been shown that especially the use of non-isotropic filters has great potential (Kusche2007). 
Satellite constellations
The design of a single-satellite or single GRACE-type tandem mission requires scientists and mission designers to make many tradeoffs, such as orbital height (e.g. enhanced sensitivity vs. higher atmospheric perturbations at lower altitudes) and repeat period (spatial vs. temporal sampling). The choice of these orbital parameters will also determine ocean tide aliasing periods (Section 4). For understanding mass variations at all scales, increased spatial and temporal sampling will always be required. Improved spatial and temporal sampling of the mass field can be achieved by using more satellites or satellite tandems. The complications of designing a single-tandem mission are greatly increased and involve many more choices, i.e. the choice of orbital inclinations (all polar, or different inclinations to get a more homogeneous density of ground tracks in latitude), orbital planes (equal or interleaved ground tracks), etc. In effect, the number of possible mission scenarios is infinite. For this investigation, we have only used a limited number of satellite constellations to assess the impact of ocean tide aliasing on different design specifications.
SIMULATION SETUP AND MISSION SCENARIOS
Gravity field recovery simulation experiments were conducted for several periods and mission scenarios using a comprehensive force modeling theory (Table 1 ) and using a software infrastructure that was built around the NASA/GSFC GEODYN software package (Pavlis et al., 2006; Visser and Schrama, 2005) .
Simulating observations
A realistic Earth System Model (ESM) was developed. The ESM contains 6-hourly mass changes due to the atmosphere, ocean currents, ice, continental hydrology, and the solid earth. Details regarding the ESM can be found in (Dam et al., 2008) . Gravity field variations were modeled by connecting these 6-hourly fields piecewise linearly in time for the year 1996. It has to be noted that ocean tides were modeled separately by spherical harmonics with continuously time-varying coefficients (Appendix B). The GEODYN package was then used to simulate satellite orbits and ll-SST observations in the presence of a comprehensive set of force models (Table 1) . Simulated gravity field solutions were derived complete to degree and order 50 (capturing the largest part of gravity field variations).
We assumed that the orbit perturbations are derived from GPS hl-SST observations. Therefore, the gravity field recovery will be based on the combination of time series of ll-SST observations and satellite position coordinates. A weighted least-squares estimation method was used where the weights are, in principle, in accordance with the anticipated observation error levels (the impact of different relative weights between ll-SST and orbit coordinates is assessed as well). An observation time interval of 20 s was used. The synthetic gravity field solutions were simulated using the parameters provided in Table 1 .
The observations are processed in daily batches, where for each day orbital parameters (start position and velocity for each satellite) are estimated together with spherical harmonic gravity field coefficients. Gravity field solutions are obtained by combining the normal equations for a specified number of consecutive days. Time series are then obtained covering nominally one year using Table 1 . Definition of static and temporal gravity field models that form part of the simulated real world.
Dynamic models
Static gravity field GGM01S (Tapley et al., 2003) , part complete to degree and order 50 Gravity changes hydrology, atmosphere, oceans, ice and solid-earth: 6-hourly piecewise linear fields (Dam et al., 2008) Tidal gravity Cartesian coordinates with time step of 20 s a time step of one day. For example, if gravity solutions are produced for 8-day periods, the first solution covers January 1-8, the second January 2-9, the third January 3-10, etc. (cf. (Kurtenbach et al., 2009 ) where a Kalman filter approach is used for deriving daily gravity field changes). During the estimation process, the observations are fed to the same software system that was used to simulate them. If the real world as outlined in Table 1 would be used again, the observation residuals would become equal to zero and so would be the estimated gravity field coefficients. However, during this estimation process, the hydrological part of the ESM was not included in the force model. In addition, the ocean tide model was replaced by TPXO6.2 (Egbert and Erofeeva, 2002) . Thus, observation residuals will be caused by the integrated effect of mass variations due to the ESM hydrology (in the following referred to as input hydrology) and FES2004/TPX06.2 ocean tide model differences. The aim was then to recover the gravity changes due to hydrology from these observation residuals.
Mission scenarios
The GRACE mission provides global coverage because of its polar orbit. The polar orbit is a requirement for observing mass variations in the Arctic and the Antarctic. The GRACE satellites fly in non-repeating orbits. These orbits lead to a continuously changing ground track pattern which in turn migh lead to a difference in quality of the e.g. monthly gravity solutions in terms of spatial resolution. Furthermore, the polar orbits have a ground track density that increases towards the poles, introducing a latitudinal change in the resolution of the solutions. These effects can be avoided to a large extent by selecting satellite repeat orbits and by combining satellites that fly in orbits with different inclinations as proposed by e.g. Bender et al. (2008) .
In this paper, two kinds of satellite constellations to improve the spatio-temporal aliasing have been investigated, namely socalled homogeneous and heterogeneous ground track strategies. In 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 homogeneous ground track strategies, satellite tandems based on the same repeat orbit are combined (Reubelt et al., 2009) . A satellite flying in a β/α-repeat orbit fulfils β revolutions in α nodal days, where β and α are relative primes (Appendix A). In principle, the product of spatial and temporal resolution of a repeat orbit can be considered constant for low earth orbiting satellites. This means that the spatial resolution can not be enhanced without deteriorating the temporal resolution and vice-versa. As a consequence, the spatial resolution can only be improved without loosing temporal resolution by means of additional satellite tandems flying interleaved ground tracks. The temporal resolution can only be enhanced without deteriorating the spatial resolution by adding satellite tandems. In our investigations, we have tested the improvement of the temporal resolution by means of flying time-shifted satellite tandems with exactly the same ground track. Polar orbits lead to a ground track density that increases from equator to poles (Fig. 2) . This leads to larger errors in the gravity field solutions for low latitudes. This problem can be overcome by heterogeneous ground track designs, where orbits with different inclinations and repeat periods are combined. Heterogeneous ground track designs have originally been proposed by Bender et al. (2008) . These designs are able to improve spatial and temporal resolution simultaneously and also the different aliasing frequencies might be helpful for de-aliasing (Dam et al., 2008) .
A number of mission scenarios has been investigated (Table 2). The starting point was a mission consisting of one GRACEtype pair of satellites with an intersatellite distance δ of about 230 km (also comparable to GRACE). A purely polar orbit was selected to guarantee full global coverage. The satellites fly in a repeat orbit for which the repeat period is 8 nodal days (7.98 solar days) in which the satellites complete 125 orbital revolutions. This mission scenario is labeled SC1. In addition, two other mission scenarios were investigated consisting of 2 and 4 identical pairs of satellites in identical repeat orbits, labeled respectively SC12 and SC1234. The SC12 second pair of satellites travels the exact same ground track but with a delay of 4 days compared to the first pair. The SC1234 second, third and fourth pairs also travel exactly the same ground track, but with delays of 2, 4 and 6 days compared to the first pair. All these mission scenarios carry the characteristic of a confluence of tracks at the polar areas and thus an inhomogeneous data distribution as a function of latitude. Therefore, also Bender-type constellation was selected for comparison, consisting of two GRACE-type pairs of satellites with the same inter-satellite distance, labeled BEN12. The two pairs of satellites of this constellation, labeled respectively BEN1 and BEN2, fly in orbits with a repeat period of respectively 5 and 23 days, in which they complete respectively 79 and 360 orbital revolutions. The orbital inclination is equal to respectively 90 and 117.4 deg (see Fig. 2 for the ground track patterns). As a feature, the Bender constellation leads to a more -be it not perfect -homogeneous ground track density as a function of latitude (Visser, 2009) . For additional information regarding the input that led to the choice of these mission scenarios, the reader is referred to Reubelt et al. (2009 ), Bender et al. (2008 and Dam et al. (2008) . The ocean tides aliasing periods for the selected mission scenarios are derived using eq. A.2 (Appendix A). For the polar satellites, the tidal components S2 and P1 have alias periods of about half a year (Table 3) .These periods will interfere with semi-annual cycles of mass change processes. The tidal components K1 and K2 have almost infinite aliasing periods for the polar satellites, so that we can safely assume that these components hardly affect the observation of gravity changes on time scales up to many years and even decades. The inclusion of non-polar satellites (BEN2) leads to significantly different alias periods, with an alias period of about one year for the N2 component.
RESULTS
A number of selected gravity field retrieval simulations were conducted, starting with a few bench marks to assess the sensitivity of gravity field retrievals to observation noise and ocean tide model errors, observation weighting, and temporal aliasing (Section 5.1). More extensive simulations were carried out for a period covering a full year (Section 5.2).
For the analysis and the assessment of the different methods and options, we employ Singular Value Decompositions or Empirical Orthogonal Functions (EOFs) of the time series of gravity field solutions on global and regional scales. This technique has been applied successfully to time series of GRACE gravity field solutions for identifying sources of mass change in the earth system, e.g. (Wouters and Schrama, 2007) .
Bench marks

Observational noise and ocean tide modeling errors
Initially, use is made of one polar tandem with an 8-day repeat period (SC1). Also, the retrievals were done for one 8-day period (1-8 January 1996), thus combining 8 sets of daily normal equations. The nominal noise level for the Cartesian orbit coordinates is fixed at 1 cm (precision level of orbit determination) and these coordinates are weighted accordingly (σ orbit = 1 cm). The effect of two different ll-SST noise levels (σ ll−SST ) has been assessed: 1.0 and 0.01 µm/s by choosing the weight of the ll-SST observations accordingly. The 1.0 µm/s is rather conservative considering the GRACE performance (Frommknecht et al., 2006) , whereas the 0.01 µm/s is considered feasible with future laser-based sensor systems (TAS,2008) .
Observational noise was added to the error-free observations by using a random Gaussian noise generator with zero mean and standard deviation equal to the above specified noise levels. In addition, by using the FES2004 ocean tide model in the real world and TPX06.2 as reference model when estimating gravity coefficients, we were able to study the effect of the differences between these two ocean tide models.
An observational noise level of 1.0 µm/s leads to larger gravity field retrieval errors than the simulated tide model differences (Fig. 3) , but the tide model errors lead to at least an order of magnitude larger gravity field retrieval errors than 0.01 µm/s ll-SST observation noise. Based on these results, it can already be concluded that ocean tide model errors need to be reduced significantly when full advantage is to be taken of improved ll-SST sensors. Also, ocean tide model errors lead to gravity field retrieval errors larger than the gravity variations due to continental hydrology around spherical harmonic degree 25. However, note that the comparison in terms of spherical harmonics should be considered only as indicative for the true errors and is in fact rather pessimistic, because the gravity changes due to continental hydrology are largely confined to the land areas and the ocean tides to the oceanic regions (although gravity changes are smeared out due to the integrated effect on ll-SST observations, see Section 2).
Observation weighting
An important issue that needs to be addressed is the weighting of the observations. The nominal standard deviations used for weighting the ll-SST (σ ll−SST ) observations and orbit coordinates (σ orbit ) in the least-squares estimation were taken equal to 1 µm/s and 1 cm, respectively. If the only error source would be Gaussian uncorrelated observation noise, the optimal weights would be commensurate with the observation noise levels. However, when other systematic error sources are introduced, e.g. ocean tide model errors, weighting becomes a complicated issue. It is beyond the scope of this paper to develop a procedure for optimal observation weighting and we refer the reader to previous work in this field, e.g. by Ditmar
Figure 3. Gravity field retrieval error due to different noise levels for 8-day solution with one polar tandem (SC1). An estimate of the gravity field variations due to continental hydrology and gravity field estimation errors due to the differences between the FES2004 and TOP06.2 ocean tide models are included for reference. et al. (2007) . However, one bench mark test has been performed to assess the impact of different weighting in the presence of only ocean tide model errors (thus no observation noise was applied). It was found that the impact on gravity field retrieval error can be significant, particularly at higher spherical harmonic degrees: below degree 30, the impact is marginal (Fig. 4) . Even though observation weights may (or are) not optimal for the cases outlined below, it is fair to state that results will be representative of the several possibilities for mitigating the impact of ocean tide model errors that will be explored.
Temporal aliasing
Finally, the impact of temporal aliasing was investigated for a few mission scenarios. The bench marks discussed above are based on 8-day retrievals for a satellite flying in an 8-day repeat orbit. Since the gravity field variations due to continental hydrology vary piecewise linearly with 6 hour intervals, temporal aliasing will occur. In addition to the 8-day retrieval for mission scenario SC1, 2-day (January 1-2) and 5-day (January 1-5) retrievals were analyzed for mission scenarios SC1234 and BEN12 (Table 2 ). As to be expected, the gravity field retrieval error due to temporal aliasing is reduced significantly for shorter sampling intervals (Fig. 5) . The retrieval errors due to temporal aliasing are smaller than due to ocean tide model errors (Fig. 4) , but larger than due to ll-SST Figure 4 . Gravity field retrieval error due to TPX06.2 and FES2004 ocean tide model differences for 8-day solution with one polar tandem (SC1) using different ll-SST observation weights. An estimate of the gravity field variations due to continental hydrology and gravity field estimation errors due to temporal aliasing are included for reference.
observation noise at a level of 0.01 µm/s. It might thus cautiously be concluded that at some point it is better to invest in constellations of more satellites than in further improvement of ll-SST and supporting sensors.
One-year gravity field retrieval simulations
Gravity field retrievals were conducted covering 1996 for several mission scenarios (Section 4.2). Nominally, gravity field retrievals represent periods equal to the repeat period of the orbits that are flown by the (combination of) satellite tandem(s). Thus, for SC1, SC12 and SC1234, solutions were obtained for 8-, 4-and 2-day periods, respectively. All the solutions were obtained with a 1-day time step. For BEN1, time series of 5-day solutions were generated, and for BEN12 both 5-day and 23-day solutions were obtained. It was found that the mass variations due to hydrology can be represented very well by the dominant mode obtained by a Singular Value Decomposition of the time series of associated mass varia- Figure 5 . Gravity field retrieval error due to temporal aliasing for different retrieval periods and different mission scenarios. An estimate of the gravity field variations due to continental hydrology is included for reference. • global grid).
Nominal gravity field retrievals
In our first retrieval experiment, no error sources were introduced and gravity field changes due to the atmosphere, ocean (currents and tides) and ice were modeled. The use of atmosphere, ocean and ice models at this stage is similar to the atmosphere and ocean dealiasing performed during the retrieval of the GRACE gravity fields (ice is not included in the GRACE dealiasing products). Subsequently, we are left with gravity field variability resulting only from changes in continental hydrology. In this case, any retrieval error would be due to temporal aliasing of the gravity changes due to hydrology alone. We found that the retrieval error was negligible. This fact is also supported by the amplitude of the RMS of the global geoid differences between the first EOF of the input and retrieved gravity field changes (see the first line of Table 4 ). The RMS of the difference is 0.01 mm. This is very small compared to F o r P e e r R e v i e w the RMS of the original gravity field changes, 0.87 mm. It has to be noted that temporal aliasing might be reduced to an even lower number by the use of continuous functions in time for the SH gravity field coefficients, but this has not been explored for the research described in this paper. The effect of the simulated ocean tide model errors on the first EOF of retrieved hydrological gravity changes is displayed in the middle row of Fig. 6 for the case where one polar tandem is used (SC1) and 8-day retrievals are done with a 1-day time step. For reference, the first EOF of the input or true hydrological gravity changes is displayed in the top row of this figure. The original 6-hourly hydrological input models have been averaged to 8-days.
The temporal dependence of the first EOF of the hydrological gravity changes (top row right Fig. 6 ) displays a clear annual cycle plus a small trend. In contrast, the temporal dependence for the retrieval with the ocean tide model errors resembles the superposition of many periodic signals. The dominant period in the retrieval series is about 63 days, i.e. the aliasing period of the N2 and Q1 tides ( Table 3 ). The second EOF for this retrieval also displays such signals (complementing the first EOF, i.e. sine and cosine parts). The third EOF resembles the input hydrological model features, but even this EOF still contains many stripes (Fig. 7) . The global RMS of geoid differences is reduced from 2 mm for the first EOF to 0.21 mm for the third EOF (indicated in Table 4 ).
Temporal filtering of series of gravity solutions
For mission scenario SC1, three dominant ocean tides aliasing periods were identified with lengths of 19.18, 182.63 and 63.10 days (Table 3) . For these periods, amplitudes were estimated together with a mean for the time series of spherical harmonic coefficients covering 1996. The same time series was corrected afterward by subtracting the estimated sinusoids and mean from the spherical harmonic coefficients. The first EOF for this corrected time series is displayed at the bottom row of Fig. 6 . Although stripes can still be observed in the geographical part of the EOF, the time function part contains less variability than the unfiltered case to the extent that the annual signal has become evident. Nonetheless, aliasing remains in the temporal signature as can be observed by comparing the filtered EOF (Bottom Right Fig. 6 ) with the original input hydrology (top right Fig. 6 ).
Finally, we note that the striping pattern is strongest close to the equator, i.e. at the latitudes where the biggest distance between adjacent ground tracks exists. The RMS of geoid differences of the first EOF is reduced from 2.0 mm to 0.25 mm, which is comparable to the reduction obtained when using the third EOF (Table 4) . The global RMS of geoid corrections for the 1996 time series based on the filtered signal is equal to 1.2, 0.8 and 2.4 mm for the periods of 19.18, 182.63 and 63.10 days, respectively.
Spatial smoothing
Spatial smoothing of the first EOF of both the hydrological input model and the gravity field retrievals (filtered and unfiltered) for mission scenario SC1 was applied using Equation 2 for spherical cap radii of 5
• and 10
• (or about 500 and 1000 km radius). The combination of temporal filtering and 5
• spatial smoothing results in a good agreement between the original and recovered hydrological gravity changes for scenario SC1. The RMS of the geoid differences is reduced to 0.12 mm compared to the RMS of the 5
• smoothed input hydrology of 0.84 mm (Table 4) . Without temporal filtering, it was found that significant stripes can still be observed around the equator and the RMS is equal to about 0.69 mm. By increasing the spherical cap radius to 10
• , a good agreement between original and recovered gravity changes is achieved without temporal filtering (middle Fig. 8 ). In this case, the RMS of the geoid differences is equal to 0.13 mm compared to a 10
• smoothed input hydrology of 0.77 mm. Further increasing the smoothing cap radius results in larger values for the RMS of geoid differences.
Different mission scenarios
In addition to the 8-day repeat one polar tandem mission scenario (SC1), a 5-day polar repeat mission was simulated (BEN1). The BEN1 mission results in different aliasing periods as compared with SC1, especially for the N2 and Q1 tidal components (about 11 days instead of 63 days, see Table 3 ). The impact of tide model errors on the first EOF of the retrieved hydrological gravity changes is significantly reduced for this mission scenario. This first EOF compares very well with the first EOF of the input hydrology (Fig. 9) . The RMS of geoid differences is reduced from 2.0 to 0.12 mm (Table 4). By reducing the repeat period by flying more tandems, i.e. two (SC12) or four (SC1234), the retrieval can be improved significantly (Fig. 10 ) and the RMS of geoid differences is reduced from 2.0 to 0.11 mm (Fig. 10) . It has to be noted that similar results were obtained for the SC12 4-and 8-day solutions, and the SC1234 2-, 4-and 8-day solutions (Table 4 ). The 8-day repeat with one polar mission thus appears to be an unfortunate choice when the reduction of ocean tide model errors is a desirable mission goal. For the SC12 and SC1234 mission scenarios, the ocean tides alias periods for N2 and Q1 are reduced significantly, from 63.10 to 9.13 days (Table 3 ). This thus leads to a better averaging out of the associated ocean tides model errors.
The dual-tandem Bender constellation (BEN12) gives a comparable performance as the dual-(SC12) and four-tandem (SC1234) constellations if 5-day solutions are generated (thus using the repeat period of BEN1, top Fig. 11 ), also in terms of RMS of geoid differences for the first EOF of continental hydrology (Table 4). However, if 23-day solutions are generated (repeat period of BEN2) the results deteriorate significantly. A strong striping pattern can be observed in this case (bottom Fig. 11) , and the RMS of geoid differences deteriorates from 0.11 to 0.61 mm (Table 4) . Thus, great care has to be taken when defining the data span or time period of the retrievals. Optimizing this data span should be part of the design process for future missions. It can be concluded that improved de-aliasing of ocean tide model errors can be achieved by flying more satellite pairs. However, much can already be gained by tuning orbital parameters (e.g. SC1 vs. BEN1) or by tuning the length of the gravity field retrieval periods (e.g. 5 days vs. 23 days for BEN12).
Regional analysis
For many mission scenarios, it can be observed that gravity field retrieval errors depend on the latitude. Relatively large distortions occur at the lower latitudes close to the equator where the distance between adjacent tracks is maximal (e.g. Fig. 6 ). Therefore, EOF analyses were also conducted for two selected localized areas: the Amazon area close to the equator and the Greenland area close to the Arctic pole. These two areas were selected, because they provide the opportunity of contrasting an annual cycle with a trend, and also a change in ground track density with latitude. The hydrological gravity changes have a clear annual cycle for the Amazon area and a trend for the Greenland area (Fig. 12) , indicating the different temporal behavior for these two areas. The aliasing of ocean tide model errors is very prominent for the unsmoothed solutions in the Amazon area, i.e. clear stripes can again be observed in this equatorial region. In contrast, the unsmoothed retrieval for Greenland compares very well with the input hydrology. In terms of RMS of geoid differences, values of 3.40 and 0.27 mm are found for the Amazon and Greenland regions, respectively, compared to a magnitude of 2.42 and 1.21 mm for the input or true hydrology (Table 5) . Thus, for the Amazon area the error of the retrieved gravity changes is larger than the input hydrology, whereas the opposite is the case for the Greenland area.
Smoothing with a 10
• spherical cap leads to a first EOF for the Amazon region that compares very well with the input hydrology (right Fig. 12 ). The RMS of geoid differences is then reduced from 3.40 to 0.09 mm, compared to 2.20 mm for the input hydrology. We conclude that the retrieval results are strongly latitude dependent for the single-tandem 8-day polar repeat mission scenario (SC1). When a 10
• spherical cap smoothing is applied, the results for Greenland seem to be worse than for the Amazon region. This might be explained by the fact that the simulated ocean tide model errors are relatively large for the Arctic areas (Fig. 1) , thus counteracting the effect of the higher ground track density in case of spherical cap smoothing.
For other mission scenarios, a comparable quality for the first EOF is obtained when applying the 10
• spherical cap smoothing (Table 5 ). However, all other mission scenarios lead to better results for the Amazon area when no smoothing is applied, excluding the 23-day solutions for the Bender constellation, which has a relatively poor quality. It is especially striking that the single-tandem 5-day repeat mission (BEN1) leads to much better results than the 8-day repeat mission (SC1). These results show the complicated interplay between mission scenarios (orbital parameters, number of satellites) and the retrieved gravity changes one wants to observe (trend, annual cycle, geographical location).
SUMMARY AND CONCLUSIONS
The observation of gravity changes due to continental hydrology has been defined as a test case for assessing the impact of ocean tide model errors. Ocean tide model errors are already considered as a dominant error source for gravity field retrievals from GRACE and with the anticipated technological advance of future sensor systems, these errors will become even more important. A number of (post)processing methods has been investigated, including the tem- poral filtering of time series of gravity field solutions, the spatial smoothing of these time series and evaluation of solutions for different geographical areas. In addition, the impact of a few selected mission scenarios has been investigated. These mission scenarios include single-tandem GRACE-type missions with different repeat periods, and single-, dual-and four-tandem missions with satellites flying the same repeat period, but interleaved. In addition, a dualtandem Bender-type mission was defined with satellites flying in orbits with different inclinations. The quality of solutions was in many cases assessed by EOF analysis. The conclusions below are based on this analysis. First, a few bench mark cases were investigated, showing the need for mitigating the ocean tide model errors if full advantage is to be taken of future sensors with very low noise levels. Also, it was shown that great care has to be taken with the (relative) weights of observed orbit perturbations and ll-SST observations. The latter must be taken into account in more detailed follow-on studies.
Second, the effect of ocean tide model errors on the quality of hydrologically driven gravity field retrieval depends strongly on the choice of orbital parameters. For example, a 5-day polar repeat orbit significantly reduced the aliasing of ocean tide model errors compared to an 8-day polar repeat orbit. A strong reduction of this aliasing was also achieved by flying more satellites in identical, but time-shifted orbits. Moreover, the length of the periods for which gravity solutions are generated plays an important role as well. The aliasing of ocean tide model errors is much less for 5-day solutions than for 23-day solutions for the dual-tandem Bender satellite constellation. The RMS of geoid differences for the first EOF of the 1996 hydrological gravity changes could be reduced from 2 mm for the worst case (single tandem, 8-day polar repeat) to 0.12 mm when using different orbital parameters (5-day repeat), to 0.11 mm when using more tandems, and 0.11 vs. 0.61 mm when using 5-day vs. 23-day retrieval periods, where the global RMS of the hydrological gravity changes in terms of geoid is equal to 0.87 mm for the first EOF.
We find that reducing the aliasing of ocean tide model errors can also be achieved by enhancing the (post)processing of time series of gravity field solutions. The ocean tides cause perturbations with alias periods that can be calculated accurately for repeat orbits. Signals with these periods can be filtered out of the gravity field time series. In principle, the orbital parameters should then be chosen such that these periods do not coincide with the gravity changes one aims to observe. In other words, the ocean tides gravity changes must be separable from -in this case -the hydrological ones. For the worst case mission scenario, the RMS of geoid differences for the first EOF could be reduced from 2 mm to 0.25 mm.
At the expense of reduced spatial detail, spherical cap smoothing was also proven to be successful for identifying hydrological gravity changes in the presence of ocean tide model errors. This was especially the case for the single-tandem polar 8-day repeat orbit, which is obviously far from an optimal mission scenario.
Gravity field retrieval errors display a strong dependency with latitude, which can be explained by the increase of the density of satellite ground tracks with latitude. If, for example, the objective is to observe secular gravity changes in the polar areas, a single satellite tandem already provides a much better sampling in time and space than for observing annual changes in the equatorial areas. A Bender-type constellation consisting of a polar and lowerinclination satellite pair leads to a more homogeneous ground track density as a function of latitude, but then still great care has to be taken with the gravity field retrieval procedure (e.g. 5-day vs. 23-day solutions).
In reality, more error sources will affect gravity changes observed by satellites. These error sources will include not only sensor errors and ocean tide model errors, but also errors in other background models, such as gravity changes due to atmospheric processes and ocean currents. It might be argued that such errors are less systematic than errors in the ocean tide models, but they can significantly impact gravity solutions (Visser and Schrama, 2005; Visser, 2009; Swenson and Wahr, 2006) . Taking these error sources into account will further complicate the design of future gravity field missions and (post)processing methodologies and will be part of future research.
Finally, it has to be stated that the results described in this paper are based on a limited number of investigated mission scenarios and therefore the research described in this paper should be considered as indicative and work in progress. The results included in this paper show that the optimization of the design of a future gravity mission is a complicated process. The observation of gravity changes due to hydrology was chosen as test case, but it is fair 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to assume that a future mission will need to be able to do more (e.g. observe ice mass changes as well). This will complicate the mission design even more. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
APPENDIX B: OCEAN TIDE MODELING
The 8 major ocean tidal components have been used in this study, including the semi-diurnal terms K2, M2, N2, S2, and diurnal terms K1, O1, P1, Q1 (Table B1 , (Smith, 1999) The density of water is given by ρw, the load number for degree l by 1 + k ′ l and the fundamental arguments of the tides by θp(t).
